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A B S T R A C T
This paper addresses the developmental mechanisms of formation of the mouse and human penile urethra and
the possibility that two disparate mechanisms are at play. It has been suggested that the entire penile urethra of
the mouse forms via direct canalization of the endodermal urethral plate. While this mechanism surely accounts
for development of the proximal portion of the mouse penile urethra, we suggest that the distal portion of the
mouse penile urethra forms via a series of epithelial fusion events. Through review of the recent literature in
combination with new data, it is unlikely that the entire mouse urethra is formed from the endodermal urethral
plate due in part to the fact that from E14 onward the urethral plate is not present in the distal aspect of the
genital tubercle. Formation of the distal portion of the mouse urethra receives substantial contribution from the
preputial swellings that form the preputial-urethral groove and subsequently the preputial-urethral canal, the
later of which is subdivided by a fusion event to form the distal portion of the mouse penile urethra.
Examination of human penile development also reveals comparable dual morphogenetic mechanisms. However,
in the case of human, direct canalization of the urethral plate occurs in the glans, while fusion events are
involved in formation of the urethra within the penile shaft, a pattern exactly opposite to that of the mouse. The
highest incidence of hypospadias in humans occurs at the junction of these two different developmental
mechanisms. The relevance of the mouse as a model of human hypospadias is discussed.
1. Introduction
Formation of the penile urethra has been studied in rodents with
the tacit, but unproven, assumption that developmental processes in
rodent models are relevant to human penile development. Clearly there
are some developmental events shared between species such as the
formation of a solid urethra plate within the embryonic genital tubercle
(GT), which is observed in mouse, rat, rabbit, tamar wallaby, spotted
hyena and human (Armfield et al., 2016; Li et al., 2015; Hynes and
Fraher, 2004a; Kluth et al., 2011; Agras et al., 2006, 2007b, 2007a;
Cunha et al., 2014; Butler et al., 1999; Kurzrock et al., 2000). Most of
the mouse penile urethra forms by direct canalization of the urethral
plate (Hynes and Fraher, 2004a, 2004b; Seifert et al., 2008). We have
suggested that the distal portion of the mouse penile urethra, including
the urethral meatus, develops via multiple fusion events (Baskin et al.,
2001; Sinclair et al., 2016a). This idea regarding formation of the distal
portion of the mouse penile urethra has emerged through a focused
anatomical analysis of the developing and adult mouse penile urethra
and has been dealt with superficially in a series of recent papers
(Sinclair et al., 2016b, 2016a; Yang et al., 2010; Mahawong et al.,
2014a, 2014b; Blaschko et al., 2013). In this paper this idea is pursued
through review of previous studies augmented with additional new
observations.
Human penile urethral development occurs via a radically different
process that starts with the formation of the solid urethral plate, which
extends into the developing glans. The urethral plate within the
developing penile shaft canalizes to form an open diamond-shaped
urethral groove whose edges (urethral folds) subsequently fuse in the
midline in a proximal to distal direction to form the penile urethra (Li
et al., 2015; Shen et al., 2016). This process of urethral groove
formation and subsequent urethral fold fusion forms the human penile
urethra within the penile shaft. However, scanning electron micro-
graphs demonstrate that the urethral groove does not extend into the
glans suggesting that formation of the human glandar urethra might
occur via a substantially different developmental process (Li et al.,
2015; Shen et al., 2016).
The goal of this paper is to explore the morphogenetic mechanisms
of penile urethral development in mice and humans from the perspec-
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tive of: (a) direct canalization of the urethral plate and (b) epithelial
fusion events. Our studies suggest but that in these two species both
morphogenetic mechanisms occur, but in different proximal-distal
regions of the developing penis. Accordingly, the relevance of mouse
penile development as a model relevant to human penile development
will be discussed.
2. Materials and methods
2.1. Mouse studies
The University of California, San Francisco (UCSF) Institutional
Animal Care and Use Committee approved all animal protocols. Timed-
pregnant CD-1 mice (Charles River Breeding Laboratories,
Wilmington, MA, USA) were housed in polycarbonate cages
(20 ×25 ×47 cm3) with laboratory-grade pellet bedding in the UCSF
Pathogen Specific Barrier housing facility. The mice were given Purina
lab diet (#5058) and tap water ad libitum. They were acclimated to 20°
to 23 °C and 40–50% humidity on a schedule of 14 h light and 10 h
dark. Embryos and neonates were collected at the following ages:
embryonic days 14, 15, 16, 17, and 18/birth. At least 3 mice were used
for each time point. Additional mice at these time points were used for
immunohistochemical studies. Accordingly this paper is based upon
analysis of 45 mice.
External genitalia were dissected and photographed using a digital
camera, and were then fixed in 10% buffered formalin. Samples were
paraffin embedded and serially sectioned at 7 µm for histological
staining with hematoxylin and eosin (H&E). Immunohistochemistry
(IHC) was carried out as previously described (Rodriguez et al., 2012)
on sections of mouse and human external genitalia using the antibodies
indicated in Table 1. Signal detection was achieved using either the
Vector ABC System (Vector Laboratories, Foster City, CA, USA)
followed by exposure to diaminobenzidine (Sigma®). Alternatively,
immunoflourescent detection was carried out following incubation
with goat anti-rabbit fluorophore-conjugated secondary antibodies
(diluted 1:500, Abcam) for 1 h at room temperature. Sections exposed
to all steps except the application of the primary antibodies were used
as negative controls.
Metrics of pertinent key morphological features were obtained by
counting the number of serial transverse sections from the first section
of the distal tip of the GT to the solid or canalized urethral plate
(urethra). Actual distances were converted to microns from the distal
Table 1
Antibodies used in this study.
Antibody Source Catalogue # Concentration
Keratin 6 Acris Antibodies AM21068PU-S 1/200
Keratin 7 E.B. Lanea LP1K 1/10
Keratin 8 E.B. Lanea LE41 1/10
Keratin 10 Dako M7002 1/50
Keratin 14 BioGenex LL002 1/100
Keratin 19 E.B. Lanea LP2K 1/10
Uroplakin1 T. T. Sunb 1/100
Foxa1 Atlas Antibodies HPA050505 1/500
Androgen receptor Genetex GTX62599 1/100
a Institute of Medical Biology, Singapore.
b New York University, New York.
Table 2
List of human specimens.
Code Heel-Toe (mm) Age (weeks)
AC324 13.5 13
AC560 14 14
AC302 15.3 15
AC280 16.0 16
AC416 17.0 17
Fig. 1. Diagrammatic (A) and optical projection tomography (OPT) images of the E16-day embryonic genital tubercle. Image (B) is a semi-transparent lateral view of an E16-day
external genitalia stained with an antibody to E-cadherin in which the canalized urethral plate (urethra) can be seen opening to the exterior into a groove a considerable distance from
the distal tip of the GT. (A) is a diagrammatic representation of (B). (C) is an ventral OPT surface rendering of specimen (B) in which the urethral meatus and ventral penile groove can be
seen. Modified from Sinclair et al. (2016b) with permission.
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Fig. 2. Optical projection tomography wholemount images of a 16-day embryonic genital tubercle stained with antibody to E-cadherin (A-C). (A) is a ventral surface rendering. (B) is a
semi-transparent ventral-dorsal image showing the urethra (Ur) and the ventral penile groove (Gr). Lower case letters (a-h) in images indicate the positions of the OPT sections
illustrating the ventral penile groove (VPG), the occluded ventral groove (Occluded VPG), the canalizing occluded VPG, subdivision of the occluded VPG and the urethra (Ur). In (f & g)
the epithelial seam is being eliminated to establish midline mesenchymal confluence (double-headed arrow) and establishing a “Stand-alone” urethra. PPG= preputial gland. Modified
from Sinclair et al. (2016b) with permission.
Fig. 3. A chart depicting the distance from the distal tip of the genital tubercle to the distal extremity of solid (E14 & E15) urethral plate, to the distal extremity of the canalized urethral
plate (E16), and to the distal extremity of the preputial-urethral canal (PUC) (E17-P0). Histologic sections illustrate the type of structure. The closest structure to the tip of the genital
tubercle is the solid urethral plate at E14, which is ~130 µm from the tip of the genital tubercle. The data represent the average of 3–5 specimens per age.
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GT tip. Statistical analysis of distance was done using Student's t-tests.
A p < 0.05 was considered significant. Data are expressed as mean
± SE.
2.2. Human studies
Human fetal specimens were collected free of patient identifiers
after elective termination of pregnancy (Committee on Human
Research, University of California, San Francisco, IRB# 12-08813)
(Table 2). Male gender was confirmed by Wolffian (mesonephric) duct
morphology and the gross presence of prostate. Since all aborted
specimens were disrupted by the surgical procedure, heel-toe length
proved to be the only useful determinant of gestational age (Drey et al.,
2005; Mercer et al., 1987; Mhaskar et al., 1989). Human male external
genitalia were sectioned serially and stained with H& E.
3. Results and discussion
For several years the mechanism of development of the mouse
penile urethra has been debated in the literature between our
laboratory and Martin Cohn's laboratory. The Cohn position is that
“urethral plate is derived from endoderm that gives rise to the entire
urethra” (Seifert et al., 2008). We agree that most of the proximal
portion of the mouse penile urethra develops from direct canalization
of the urethral plate as described previously (Hynes and Fraher, 2004a,
2004b; Seifert et al., 2008), but that the distal portion of the mouse
penile urethra develops as a result of epithelial fusion events, which
have been annunciated briefly in several previous papers. In this study
we present our case for a dual mechanism of mouse (and human)
penile urethral development through review of previous observations
in combination with new data.
The question of whether the urethral plate gives rise to the entire
mouse urethra as suggested by Seifert et al. requires critical assessment
of the whether the urethral plate actually extends to the distal tip of the
genital tubercle (GT). Seifert et al. state “that the entire urethra,
including the distal (glandar) region, is derived from endoderm.”
According to Seifert et al., at E15.5 and E17.5 days (Fig. 3, Seifert
et al., 2008) LacZ staining extends all the way to the distal tip of the GT.
Seifert et al. further state. “Within the distal portion of the glans, which
is not yet surrounded by the prepuce, the urethral plate (detected via
LacZ staining) remains in contact with the overlying ectoderm (Fig. 3E,
F).” Seifert's statements taken together are clear, “the entire urethra,
including the distal (glandar) region, is derived from endoderm”
(Seifert et al., 2008). However, histologic confirmation of the urethral
plate at or near the distal tip of the GT was not provided, and our serial
histologic sections clearly demonstrate that the urethral plate does not
extend to the distal aspect of the GT as described below. Another
important point is that the histologic/immunohistochemical signature
of the embryonic urethral plate has not previously been reported and,
more important, whether the developing distal portion of the urethra
exhibits a similar signature.
3.1. Development of the mouse penile urethra
As stated above, most of the mouse penile urethra occurs via direct
canalization of the urethral plate (Hynes and Fraher, 2004a, 2004b;
Seifert et al., 2008). Seifert et al. assert that “at E15.5, the urethra
extends to the distal tip of the genital tubercle and is composed entirely
of cells descended from Shh-GFPcre-expressing endoderm” (Seifert
et al., 2008). In contrast, optical projection tomography (OPT) of the
16-day embryonic mouse GT (Sinclair et al., 2016b) demonstrated that
the canalized urethral plate does not extend to the distal tip of the
mouse GT. Instead, OPT data showed that the canalized urethral plate
(the urethra) terminates at 16 days of gestation approximately 1mm
from the distal tip of the GT by opening to the exterior into a groove
(which we call the ventral penile groove) that extends distally from the
canalized urethral plate (urethra) (Figs. 1 and 2) (Sinclair et al.,
2016b). To pursue this further, serial sections were examined from
mouse GTs at 14, 15, 16, 17, 18 days of gestation/birth (3 mice per
time point). By counting serial sections the distance in microns was
calculated from the distal tip of the GT to the beginning of the solid or
canalized urethral plate. At all ages studied (E14 to birth) the solid or
canalized urethral plate did not extend to the distal tip of the GT
(Fig. 3). Clearly, the data from ShhGFPcre;R26R mouse embryos is at
odds with the histologic data. The striking lack of correspondence
between the histologic and “Shh-LacZ” data coupled with LacZ staining
of ectodermal structures (hair follicles and the preputial glands)
(Seifert et al., 2008) is a major concern regarding the reliability of
the Shh-LacZ method for assessing the endoderm lineage. Serial
histologic and OPT sections demonstrate that the distal portion of
the GT consists of mesenchyme surrounded by epidermis (Fig. 2a and
Fig. 4, E14 sections 5 & 10, E15 sections 5–20, E16 sections 5–25). The
first anatomic feature encountered proximal to the distal tip of the GT
was the ventral penile groove (red arrowheads Fig. 4, E14 section 15,
E15 sections 5–35, E16 sections 30–50 & Fig. 6A). The term “ventral
penile groove” is justified as it is a ventral groove exclusively within the
male GT, and is not associated with the prepuce (Fig. 2b and c, Fig. 4,
E14, E15 & E16). The distance from the distal tip of the GT to the solid
or canalized urethral plate varied with gestational age (Fig. 3) and
ranged from ~130 to ~540 µm (Fig. 3). The solid urethral plate
(Fig. 6B) was observed at 14 and 15 days of gestation as described
previously (Seifert et al., 2008; Hynes and Fraher, 2004a) but was
located proximal to the ventral penile groove (Fig. 4, E14 sections 20–
50, E15 sections 40–50, see boxed area). Canalization of the 14- and
15-day urethral plate was observed in the proximal portion of the GT
(Fig. 5, E14 section 100), while distally the urethral plate was solid
(Fig. 4, boxed area) as described previously (Seifert et al., 2008; Hynes
and Fraher, 2004a). Most important, at 14 days of gestation the solid
and canalized embryonic urethral plate (urethra) (see Fig. 5, E14
section 100) was observed proximal to the ventral penile groove and
proximal to the tip of the GT (see Fig. 4, E14 section 15). Similar
observations are evident at days 15 of gestation (Figs. 4 and 5).
The 16-day GT requires special critical attention. Extending
Fig. 4. Serial histologic sections 5–50 of mouse external genitalia from E14 to P0 male mice. Sections are 7 µm in thickness. Section numbers on the left are indicative of distance from
the distal tip of the GT. At 14 days that the solid urethral plate is first seen at section 20 and that the ventral penile groove is seen at section 15. At 15 days the ventral penile groove is first
seen at section 25, and the solid urethral plate is first seen at section 40. Note the absence of preputial swellings in the E14 and E15 specimens. At 16 days a shallow groove is first seen at
section 30, which deepens and becomes occluded through sections 40–50. Note also the appearance of the left preputial swelling at section 45. At 17 days the preputial-urethral groove
(PUG) is seen in sections Section 25–45. Ventral fusion of the PUG occurs at section 50 (red arrow). At E16 and E17 the dense centrally located penile mesenchyme is separated from
loose preputial mesenchyme by the preputial lamina (PPL), and at E17 the preputial swellings are first encountered at section 20, which become more prominent in deeper sections. At
18 days a fully formed preputial-urethral groove is seen at section 30, whose edges are fusing to form the preputial-urethral canal (section 35, PUC, green arrows). At birth (P0) due to
the distal expansion of the preputial swellings, initial sections (5–15) only contain preputial tissue. Centrally placed dense penile mesenchyme (PM) is first seen at section 20 and persists
thereafter. The preputial-urethral groove (PUG) is first encountered at section 25 and narrows and deepens in subsequent sections (30–50). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Serial histologic sections 55–100 of mouse external genitalia from E14 to P0 male mice. Sections are 7 µm in thickness. At 14 and 15 days the solid urethral plate is present and is
attached to the epidermis (E14, sections 55–95, E15, sections 55–100). The canalized urethral plate (urethra) is seen at E14 initially at section 100, while at day E15 canalization of the
urethral plate occurs at section 130 (not illustrated). At 16 days an occluded urethral groove is seen in sections 55–90 in association with a shallow ventral preputial-urethra groove
(asterisks) in sections 70- and 80. At E16 canalization of the occluded urethral groove occurs at section 95 (red arrow) to form the preputial-urethral canal (PUC). At 17 days sections
55–85 (boxed) show the preputial-urethral canal, which at section 90 has been subdivided into the urethra surrounded by dense penile mesenchyme. At birth (P0) the preputial-urethral
groove (PUG, section 55) has undergone a fusion event in section 60 creating an epithelial seam (large red arrow) that has disappeared in section 70 resulting in a”stand alone” urethra
surrounded by penile mesenchyme seen in all subsequent sections. A higher magnification sequence of the P0 events can be seen in Fig. 11. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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dorsally from the ventral penile groove at E16 is a solid epithelial plate
(Fig. 4, E16, sections 40–50 and Fig. 5 E16, sections 55–90), which
superficially resembles the urethral plate seen at 14 and 15 days of
gestation. This structure is not the solid urethral plate, but instead is
the “occluded ventral penile groove” occluded by squamous epithelial
cells lining the original ventral penile groove (Figs. 2d and 7). Position-
wise, Fig. 7 corresponds to Fig. 4 E15, sections 40–50 and likewise
corresponds to the regions between Fig. 2c-d. Fig. 7 depicts the E15
day solid urethral plate (top) and 3 distal to proximal sections of the
occluded ventral penile groove. As can be seen, the histological
signature of the occluded ventral penile groove at E16 differs pro-
foundly from that of the definitive urethral plate seen in E14- and E15-
day mouse embryos (Figs. 6B and 7). Moreover, the histological
signature of the occluded ventral penile groove is virtually identical
to that of the epidermis with which it is continuous. Eosinophilic non-
nucleated squames are seen both within the occluded ventral penile
groove (Fig. 7, arrows) and as well on the apical surface of the adjacent
epidermis (Fig. 7, black arrowheads). Higher magnification reveals
keratohyalin granules (distinctive of epidermis) (Manabe and O'Guin,
1992) centrally situated within the occluded ventral penile groove (not
illustrated), suggesting that the ventral penile groove and the occluded
ventral penile groove are derived from epidermis. Such features are not
seen in the definitive urethral plate of 14- and 15-day mouse embryos
(compare Figs. 6B and 7). The occluded PUG is seen only at 16 days of
gestation and subsequently canalizes to created a lumen (Fig. 2e and
Fig. 5 E16, section 95, large red arrow),
At 16 days of gestation and thereafter the preputial swellings grow
distally to eventually cover the developing GT (Baskin et al., 2002).
During this process the preputial swellings converge and fuse in the
ventral midline (Fig. 8) (Perriton et al., 2002; Petiot et al., 2005). In
addition, as the preputial swellings grow distally to eventually com-
pletely cover the GT (Figs. 8 and 9), the preputial lamina is laid down
(Figs. 9–11). As the preputial swellings approach each other in the
midline, a ventral groove is formed which is called the “preputial-
urethral groove” (PUG) (Fig. 4, large black arrowheads and Fig. 10D).
The edges of the PUG fuse to form the preputial-urethral canal (PUC)
(Fig. 4, red arrows and Figs. 10E, 11D). The PUG is continuous
laterally with the epidermis of the preputial swellings and accordingly
has a histologic signature virtually identical to that of the epidermis
(Figs. 10D and 11). The histologic signature of the PUC (following
fusion of the edges of the PUG) is also similar to that of epidermis
(Figs. 10D and 11E& F), especially the ventral portion of the PUG and
PUC where cornified squames can be seen (Fig. 10E & F, red arrows).
During the course of penile urethral development, it is crucial to use
meaningful terminology. Accordingly, the groove seen at 14–15 days of
gestation is appropriately called the ventral penile groove, as it is a
groove exclusively in the GT (Fig. 6A). At 16 days of gestation and
thereafter the shallow surface groove and its dorsal extension occludes
with non-nucleated squames and thus the term, the “occluded ventral
penile groove” applies (Fig. 7). A ventral groove formed in large part by
the preputial swellings as they approach the midline is designated the
“preputial-urethral groove (PUG) consistent with the contribution from
the preputial swellings and its ultimate fate to form the urethra
(Fig. 10). Closure of the PUG via an epithelial fusion event forms the
preputial-urethral canal (PUC) (Fig. 10E and Fig. 11D), whose dorsal
portion is segregated via a fusion event to form the penile urethra
(Figs. 10 and 11). The terms, PUG and PUC, are justified because these
two structures are involved in development of both the prepuce and the
urethra. In addition, the connective tissue associated with the PUG and
PUC are clearly of two types. The stroma associated with the dorsal
portion of the PUG and PUC is dense penile stroma and is located
internal to the preputial lamina (Figs. 10 and 11). The stroma
associated with the ventral portion of the PUG and PUC is loose
preputial mesenchyme and is located external to the preputial lamina
(Figs. 10 and 11). The preputial lamina defines the future penile
surface, and penile stroma is situated internal (deep) to the preputial
lamina.
The separation of the urethra from the PUC within the distal
portion of the developing penis involves an epithelial fusion event
indicated in Fig. 10F (large black arrow) and Fig. 11E. The epithelial
fusion results in a transitory epithelial seam (Fig. 10E), which more
proximally disappears resulting in midline mesenchymal confluence
within the prepuce and a stand-alone urethral tube completely
surrounded by penile mesenchyme and no longer attached to the
preputial lamina (Figs. 10G and 11E-I). These developmental fusion
events occur from 16 days of gestation to birth to form the distal
portion of the penile urethra, keeping in mind that the proximal
portion of the penile urethra forms by direct canalization of the
urethral plate.
3.2. Immunohistochemical signatures during mouse penile
development
Given the strikingly different histologic signatures of the definitive
urethral plate of 14- and 15-day mouse embryos versus that of the
occluded VPG, the PUG and the PUC seen at day 16 and thereafter, we
examined the immunohistochemical signatures of the these structures
as well as that of the urethra and the preputial epidermis. For this
purpose immunohistochemical assays were performed for the following
proteins: androgen receptor (AR), Foxa1, keratins 6, 7, 8, 10, 14 and 19
Fig. 6. Transverse sections of an E14 genital tubercle. Section (A) is near the distal GT tip and depicts the ventral penile groove. Section (B) is more proximal and depicts the solid
urethral plate.
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and uroplakin on external genitalia of 14, 16, 17 and 18 mice (Fig. 12).
These data represent a comprehensive immunohistochemical survey of
the embryonic urethral plate, the ventral penile groove, the PUG, the
PUC, the urethra and the preputial epidermis, which allows insight into
the developmental relationships between these structure and perhaps
germ layer of origin. The 4 most informative markers are the androgen
receptor (AR), Foxal, keratin 7 and keratin 10. These markers are
highlighted in color to draw attention to important differences in
marker expression in these structures.
Foxa1 is a known endodermal marker (Diez-Roux et al., 2011;
Robboy et al., 2017; Besnard et al., 2004) and is normally expressed in
epithelium of the developing and adult bladder, urethra and gastro-
intestinal system (Kwon et al., 2006; Sun et al., 1999; Robboy et al.,
2017). Foxa1 was expressed (a) in the 14 and 15 day urethral plate, (b)
in the “stand-alone” urethra at all ages, but (c) was not detected in
preputial epidermis (Figs. 12 and 13B&D). These observations are
consistent with endodermal derivation of the urethral plate and
ectodermal derivation of epidermis as suggested previously (Seifert
Fig. 7. The histologic profiles of the E15-day urethral plate (top) and the E16-day occluded ventral penile groove at distal (A & B), intermediate (C &D) and proximal (E & F) positions
(low and high magnification). Note the eosinophilic stratum corneum of the epidermis and the accumulation of similar eosinophilic non-nucleated squames trapped within the occluded
ventral penile groove (arrows) and the complete absence of these features in the E15-day urethral plate.
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et al., 2008). The remaining protein markers cannot be interpreted
relative to germ layer origin, but reinforce gene expression differences
between these structures.
We have identified two epithelial plates in the course of this study,
the definitive urethral plate seen at E14 and E15 and the occluded
ventral penile groove seen at E16. As stated above these two structures
have different histological signatures. The 14-day (and 15-day, not
illustrated) solid urethral plate expresses AR and Foxa1, but not K10, a
pattern identical to that of the urethra (Fig. 13A & B). In contrast, the
16-day occluded ventral penile groove lacks AR, strongly expresses
K10, and Foxa1 is expressed in only a minor subset of cells dorsally
(Fig. 14). This Foxa1 expression in the occluded ventral penile groove
(distal to the urethral plate) may be indicative of endodermal cells that
have migrated distally from the urethral plate. This pattern of expres-
sion of AR and K10 in epithelial cells of the occluded ventral penile
groove precisely resembles that of skin with which it is in continuity
(Fig. 14). The important point is that the immunohistochemical profile
of the definitive urethral plate seen at E14 and E15 is substantially
different from that of the occluded ventral penile groove even though
both exhibit plate-like morphology. Many differences exist between the
urethral plate and the occluded ventral penile groove: (a) From analysis
of serial histologic and serial OPT sections, it is evident that the
occluded VPG develops distal to the urethral plate as described above.
(b) Development of these structures occurs on a different temporal
schedule. The urethral plate can be recognized from E12 to E15 (Hynes
and Fraher, 2004a) and at E16 is canalized to its distal extremity
(Figs. 1, 2, 4), while the occluded VPG is seen on day E16 only (Fig. 7).
(c) The urethral plate and the occluded ventral penile groove have
vastly different histologic and immunohistochemical profiles. (d) The
histologic and immunohistochemical profiles of the occluded VPG are
almost identical to that of epidermis, consistent with the idea that the
occluded VPG is an ectodermal derivative while the urethral plate is an
endodermal derivative based upon Foxa1 staining and LacZ staining
reported previously (Seifert et al., 2008). The single exception to this
idea is the presence of a subset of Foxa1 cells in the dorsal portion of
the occluded VPG, suggesting partial contribution of endodermal cells
(presumably derived for the urethral plate) to the occluded VPG, which
will be discussed in greater detail below.
From E16 to E18 the PUG forms as the preputial swellings
approach the ventral midline, the PUC forms as the edges of the
PUG fuse, and ultimately the penile urethra develops as a dorsal
subdivision of the PUC (Figs. 10–11). We believe that the PUG and
PUC represent the developmental interface between endoderm and
Fig. 8. Wholemount images of mouse GTs at E14 to P0 as ventral views. The preputial
swellings (PS) enlarge and fuse in the midline to form the prepuce, which extends distally
to eventually completely cover the genital tubercle (GT) at E18, P0 and P2).
Fig. 9. Diagrammatic representations of development of the prepuce and the preputial lamina (red) from the preputial swellings (PS). Coronal histologic sections depict the process at
E14, E16 and P0. In the diagram note that as the prepuce grows distally the preputial lamina (red) is “left in its wake” and thus with time the length of the preputial lamina increases.
Black arrows indicate distal growth of the prepuce. The dotted lines represent the urethra. At birth a complex central epithelium forms into which grows a central core of mesenchyme
(green), which is the precursor of the male urogenital mating protuberance (MUMP, see Fig. 17). GT=genital tubercle, PPG=preputial gland, PP Lam=preputial lamina, PS=preputial
swelling. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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ectoderm, and accordingly these structures exhibit histologic and
immunohistochemical profiles intermediate between that of the en-
dodermal urethral plate and epidermis. The markers of the urethral
plate consist of the following: AR, Foxa1 (Fig. 13) and K7 (Fig. 12). The
PUG and PUC also express AR, K7 and Foxa1 (but only dorsally), but in
addition the PUG and PUC express K10 (Fig. 12). Close examination of
the PUC (Fig. 10E & F) reveals an interesting dorsal-ventral difference
in histology. The dorsal portion of the PUC is devoid of cornified
squames, while the ventral portion of the PUC has a definite stratum
corneum (Fig. 10E& F, red arrows). Associated with this distinct
dorsal-ventral histologic difference is the dorsal expression of Foxa1
in the PUG and PUC. Indeed the extent of Foxa1 expression increases
from distal to proximal in the PUG and PUC (Fig. 15).
Once a fully formed urethra has developed from the dorsal portion
of the PUC, the urethral epithelium expresses AR, keratins 7 and 10,
Foxa1 and uroplakin (Fig. 16). Thus, K10 expression is shared by
epithelium of the urethra and the epidermis, while the AR, Foxa1 and
K7 are only expressed in urethral epithelium and not in epidermis.
In summary, from 16 days to birth the distal portion of the penile
urethra develops from the PUG and PUC during a process whereby the
prepuce grows distally to completely cover the GT. At 16 days of
gestation the shallow ventral penile groove expands dorsally as the
occluded ventral penile groove, which subsequently canalizes. As the
preputial folds approach the midline the PUG is defined. The edges of
the PUG fuse in the ventral midline to form the preputial-urethral canal
(PUC), which is associated with both preputial mesenchyme as well as
penile stroma. Subsequently, the PUC is subdivided by a secondary
fusion event into the penile urethra dorsally and a residual canal/
groove that eventually will disappear.
A critically important issue regarding the development of the distal
portion of the mouse urethra is “where precisely is it taking place
relative to the distal portion of the urethral plate”? At 16 days of
Fig. 10. 16-day wholemount and sections of E16 and E17 external genitalia. Sections A-C are taken at the levels indicated in the wholemount. Section (A) is a distal section at the level
of the shallow ventral penile groove (VPG). Section (B) is more proximal at the level of the occluded ventral penile groove (Occl-VPG). Asterisks in (B) depict the preputial swellings
growing towards the ventral midline. Section (C) is even more proximal showing canalization of the occluded ventral groove. Sections (D-G) are from 17-day external genitalia showing
in (D) the preputial-urethral groove (PUG), in (E) the preputial-urethral canal (PUC), in (F) the point of secondary fusion (large black arrow) within the PUC to segregate the urethra,
and in (G) the “stand alone” urethra within the dense mesenchyme of the glans (GM) surrounded by the preputial lamina. Double-headed arrow in (G) indicates midline mesenchymal
confluence. The large red arrows in (E & F) draw attention to the eosinophilic stratum corneum in the ventral portion of the PUC. PP Lamina= preputial lamina, PPM=preputial
mesenchyme, GM= penile glans mesenchyme. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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gestation the canalized urethral plate terminates distally about 1mm
from the tip of the GT (Figs. 1–3). The fundamental question is what
develops from that portion of the GT distal to the “urethral meatus” at
16 days of gestation. Additionally, how does the developmental fate of
the distal portion of the GT relate to adult penile morphology? Two
possibilities emerge. (1) The urethral meatus seen at E16 days may
become the definitive adult urethral meatus, and accordingly the
portion of the GT distal to the 16 day meatus may become the adult
MUMP (see Fig. 17). (2) An alternate possibility is that the urethra
continues to develop distally through formation of the PUG and fusion
of its edges to form the PUC from which forms the distal portion of
urethra. Our data support this later possibility since the distal growth
and ventral fusion of the preputial swellings completely covers and
grows distal to the tip of the GT (Figs. 8 and 9). Eventually the prepuce
extends distally well beyond the developing GT. In the course of
preputial development the PUG and PUC form largely from preputial
tissues that ultimately give rise to the distal portion of the penile
urethra (Figs. 10 and 11). Note at 16 days that the urethral meatus (the
distal terminus of the canalized urethral plate) is at the proximal-distal
position of the preputial swellings (Figs. 1–2), while at later stages the
preputial swellings grow distally to completely envelope the GT (Figs. 8
and 9) to form the PUG and subsequently the PUC (Figs. 10–11), thus
extending the urethra distally.
Finally, there is the question of how does the development of the
MUMP (Fig. 17) relate temporally and spatially with the development
of the distal portion of the penile urethra? From a detailed morpho-
metric analysis (Schlomer et al., 2013), the distally bifid MUMP
appears shortly after birth from “central mesenchyme” circumscribed
by epithelium (Fig. 9) and the bilateral “dorsal mesenchymal columns”
that appear on days 2–3 postnatal and extend distally from the “central
mesenchyme” to form the bifid tip of the MUMP (Schlomer et al.,
2013). These data, taken together, support the idea that the distal
portion of the penile urethra of the mouse seen at 16 days of gestation
extends distally as a result of growth of the preputial swellings to form
Fig. 11. Transverse sections of the external genitalia of a newborn male CD-1 mouse. Sections are arranged from distal (A) to proximal (I). In (A) the right and left preputial swelling are
approaching the ventral midline forming the preputial-urethral groove (PUG), also seen in (B & C). The prepuce (double-headed red arrows in A, D&G) has a thick wall of loose
mesenchyme (PPM). The penis is surrounded by the preputial lamina (A-I) and consists of dense penile stroma (PS). In (D & F) the PUG is fusing ventrally to complete the prepuce and
form the preputial-urethral canal (PUC). In (E) a secondary fusion has formed a transitory seam, which disappears in (F &G) to segregate the urethra and establish midline
mesenchymal confluence. Connections between the urethral epithelium and the preputial lamina (E & F) also are eliminated in more proximal sections resulting in a “stand alone”
urethra (G-I). Adapted from Sinclair (2016a) with permission.
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the PUG and the PUC, whose development is intimately related to
development of the prepuce. A subsequent epithelial fusion event
within the PUC (Figs. 10–11) segregates the urethra from the ventral
portion of the PUC thus forming the distal portion of the mouse penile
urethra and completing development of the prepuce via ventral midline
fusion of the preputial swellings.
Another important question is the germ layer origin of the
epithelium of the distal portion of the mouse penile urethra, specifically
the region of epithelial fusion events as described above. Based upon
LacZ staining of the Shh-GFPcre;R26R mice as well as a Msc2cre;R26R
mice, it has been proposed that “the (mouse) glandar urethra is derived
entirely from endoderm and the ectoderm makes no detectable
contribution” (Seifert et al., 2008). Both Shh and Osr1 promoters have
been used previously to identify the endodermal lineage, even though
both transgenic mice show LacZ staining in non-endodermal cells
(Seifert et al., 2008; Grieshammer et al., 2008). Curiously, with regard
to the embryonic urethral plate the LacZ staining pattern differs in the
Seifert and Grieshammer studies. Seifert using “Shh-LacZ mice” shows
LacZ staining throughout the urethral plate (Seifert et al., 2008).
Grieshammer using “Osr1-LacZ mice” show LacZ staining only in the
dorsal portion of the urethral plate at a comparable age (Grieshammer
et al., 2008). These two disparate observations have important devel-
opmental implications in regard to the germ layer origin of the urethral
plate, and the distal portion of the urethra. Our histologic and
immunohistochemical observations provide insight into this question.
It is striking that the epithelium of the ventral penile groove and the
preputial-urethral groove are continuous laterally with penile or
preputial epidermis and exhibit a histologic and immunohistochemical
signature remarkably similar to that of epidermis, which is certainly
ectodermal in origin (Figs. 10, 11, 12 and 14). Most important, the
PUG is mostly devoid Foxa1 (an endoderm marker), later only
expressing it in an extremely restricted fashion (Fig. 15A).
Seifert et al. used Msx2cre;R26R mice to interrogate the possible
ectodermal contribution to the glandar urethra and interpret their
findings as indicating that the mouse “glandar urethra is derived
entirely from endoderm and that ectoderm makes no detectable
contribution” (Seifert et al., 2008). The justification of using
Msx2cre;R26R mice for the purpose of investigating ectodermal line-
age was that the authors had “found previously that Msx2 is expressed
in the ectoderm overlying the developing genital tubercle at E11.5”
(Seifert et al., 2008). Further validation of this approach through
analysis of Msx2-LacZ staining throughout the embryo, especially in
cornified versus non-cornified ectodermal cells was not presented.
Careful examination of Fig. 4C in Seifert et al. shows LacZ staining in
the apical-most layer (stratum corneum) of penile epidermis and a
complete absence of LacZ staining in the urethra. None of the other
epidermal layers (stratum basale, stratum spinosum, stratum granulo-
sum, stratum lucidum) were LacZ stained. This curious finding raises
the possibility the LacZ staining seen in “Msx2-LacZ mice” reflects
terminal epidermal differentiation in the stratum corneum. Thus,
Msx2-LacZ staining may be questionable as a marker of ectodermal
germ layer origin, and in any case “Msx2-LacZ mice” have not been
properly validated in regard to ectodermal lineage. It is important to
note that ectoderm gives rise to both fully cornified epithelia, as is the
case for epidermis, as well as non-cornified epithelia, as is the case for
cornea and oral epithelia. Do Msx2-LacZ mice exhibit LacZ staining in
Fig. 12. Charts summarizing the immunohistochemical profiles of developing mouse external genitalia at 14, 16, 17 and 18 days of gestation. AR=androgen receptor, K6- K19 =
keratins 6–19. The colored entries are those that either change with time or depict important differences in expression between the various structures.
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corneal and oral epithelia? Regarding the potential contribution of
ectoderm to the mouse glandar urethra, we concur with Seifert's
statement that “these experiments could not exclude the possibility
that some ectodermal cells are incorporated into the distal region (of
the urethra)” (Seifert et al., 2008). Indeed, the histologic and immu-
nohistochemical profile of the PUG and PUC (from which the distal
urethral develops) is consistent with ectodermal derivation. In any
case, the relation of germ layer lineage studies performed during
development to the adult penile urethra remains to be deterimined.
The idea that the distal portion of the mouse penile urethra forms
as a result of epithelial fusion events is supported by several inferences
from adult morphology. The urethral meatus of the adult mouse penis
is formed by the male urogenital mating protuberance (MUMP)
dorsally and the MUMP ridge ventral-laterally (Rodriguez et al.,
2011). The MUMP ridge has a prominent ventral cleft (Figs. 17–18).
Our interpretation is that the ventral-lateral portion of the urethral
meatus formed via incomplete midline fusion of bilateral elements of
the MUMP ridge leaving a prominent ventral cleft. Close examination
Fig. 13. Immunohistochemical profiles of the solid urethral plate (Ur. Plate) attached to the epidermis (A & B) and the urethra (canalized urethral plate) (B &D). (A & C) depict
androgen receptor (AR) in green and keratin 10 (K10) in red. Note the striking difference in AR and keratin 10 in the epidermis versus the urethral plate and urethra. (B &D depict Foxal
expression in the urethral plate (B) and the urethra, but not in the epidermis. All sections are from an E14 mouse embryo. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
Fig. 14. Sections of E16 GTs stained for keratin 10 (red) and androgen receptor (A, green) and Foxa1 (B). The occluded ventral penile groove expresses keratin 10 (K10) and Foxa1 in a
small subset of dorsally located epithelial cells (B and inset), but not androgen receptor (AR). The epidermis and the preputial lamina (PPL) express keratin 10 and not androgen
receptor or Foxa1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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of the adult mouse urethral meatus by scanning electron microscopy
shows that the dorsally situated MUMP is separated from the MUMP
ridge by bilateral clefts/grooves, and the MUMP ridge itself is
comprised of bilateral elements separated by clefts/grooves
(Fig. 18A-B) (Blaschko et al., 2013). These bilateral clefts/grooves
between the MUMP and MUMP ridge and within the MUMP ridge
suggest that the urethral meatus formed via multiple fusion events
between the MUMP and MUMP ridge and within elements of the
MUMP ridge itself. The regular pattern of elements and grooves
comprising the adult urethral meatus is perturbed by perinatal
diethylstilbestrol (DES) treatment or physiologic elevation of estradiol
levels in AROM+mice, which in both cases elicits profound malforma-
tions of the mouse urethral meatus (Blaschko et al., 2013; Sinclair
et al., 2016b; Mahawong et al., 2014a, 2014b) (Fig. 18C-D) and is
consistent with the idea that elevated estrogen levels perturbed the
orderly fusion of the developmental elements constituting the urethral
meatus, that is, fusion between the MUMP and MUMP ridge and
between the elements that form the MUMP ridge.
Another example of a possible fusion event involves the mouse
prepuce. Mice have two prepuces (Blaschko et al., 2013). The external
prepuce forms the prominent perineal elevation and creates the
preputial space housing the penis, while the internal prepuce is a flap
of “skin” this is integral to the penis (Blaschko et al., 2013). The
internal prepuce of the mouse also has a ventral cleft (Fig. 17). The
inference of this observation is that the internal prepuce also forms by
incomplete mid-ventral fusion of bilateral elements. It is perhaps worth
noting that the external prepuce is completed ventrally via fusion of the
bilateral preputial swellings (Petiot et al., 2005; Perriton et al., 2002;
Sinclair et al., 2016a) (Fig. 11). The orderly mid-ventral fusion of the
preputial swellings is also profoundly disturbed by perinatal exposure
to DES (Mahawong et al., 2014a, 2014b). Thus, fusion events in
development of the mouse male external genitalia receive considerable
support.
3.3. Development of the human penile urethra
Within the human penile shaft, the urethra develops via formation
of the urethral plate, which canalizes to form an open urethral groove
whose edges (urethra folds) fuse in the midline to form the tubular
urethra (Fig. 19) (Li et al., 2015; Shen et al., 2016). Scanning electron
microscopy demonstrated that the urethral groove does not extend into
the glans penis suggesting that the urethra within the glans forms via a
different morphogenetic mechanism. Serial H & E stained sections and
OPT sections (Li et al., 2015) verify the absence of a urethral groove
within the glans, and also demonstrate extension of the urethral plate
into the glans almost to its distal tip (Fig. 19A). The urethral plate
within the glans (Fig. 20A) canalizes directly to extend the penile
urethra into the glans (Fig. 20B-E). The process of canalization is
asymmetric and begins within the ventral portion of the urethral plate,
but progressively expands dorsally (Fig. 20B-E). Additional details of
development of the human glandar urethra can be found in a separate
publication in preparataion. With respect to canalization of the urethral
plate within the human glans, it is important to recognize that the
canalization process occurs initially within the ventral portion of the
urethral plate, but subsequently extends dorsally within the urethral
plate (Fig. 20). Thus, a consistent dorsal-ventral asymmetry is observed
within the urethral plate of the glans, which presumably is based upon
dorsal-ventral differences in gene expression.
Thus, entirely different morphogenetic mechanisms of penile
urethral development occur within the human penile shaft versus the
glans. Similarly in the mouse, morphogenesis of the penile urethra is
substantially different proximally versus distally near the urethral
meatus. In both species, direct canalization of the urethral plate has
been revealed, but in the case of humans this occurs distally within the
glans, whereas in mice canalization of the urethral plate occurs within
the proximal portion of the penis. Fusions events are also common to
both mice and humans. In mice, fusion events account for the
development of the distal portion of the penile urethra, whereas in
humans fusion events are involved in formation of the urethral within
the penile shaft.
The idea that the distal portion of the mouse penile urethra, and
especially the urethral meatus, forms via requisite fusion events is
based upon both inference from adult morphology and direct observa-
tions of development. Inferences, based upon adult anatomy of the
urethral meatus, are clearly central to our interpretation. In adulthood
a ventral cleft partially bisects the MUMP ridge (which forms most of
the adult urethral meatus). This singular fact leads naturally to the
inference that the MUMP ridge develops from bilateral elements that
Fig. 15. Sections of the preputial-urethral groove (PUG) and preputial-urethral canal (PUC) at E16 immunostained for Foxa1. The sections are displayed from left to right in distal to
proximal order. Distally (A) Foxa1 is expressed in a small subset of dorsally located epithelial cells of the PUG. Progressing proximally (B-C) note the increases in Foxa1-positive
epithelial cells in the PUG (B) and in the PUC (C).
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fuse partially resulting in the prominent ventral cleft in the MUMP
ridge. This argument is supported by many examples in vertebrate
developmental biology, anatomy and congenital malformations ob-
served in humans, mice and wildlife animals. For those structures
known to develop via fusion of bilateral elements (tongue, lip, nose,
palate, skull, vaginal vestibule, scrotum, anterior body wall, etc.), the
fusion process is manifested in adulthood as persistent grooves
(philtrum, and linea alba), raphes (scrotal, buccal, lingual, perineal
raphes), sutures between skull bones, the symphysis between pubic
bones, or clefts (pudendal cleft in humans and palatal cleft in birds).
The human pudendal cleft, into which the vagina and urethra open, is
defined laterally by the labia majora, derived by the bilateral embryonic
labioscrotal swellings that naturally fail to fuse in the midline. In males
the labioscrotal swellings fuse in the midline to form the scrotum, and
Fig. 16. Section of the E18 penile urethra stained for keratin 7 (K7), keratin 10 (K10), Foxa1, uroplakin, and androgen receptor (AR).
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this fusion event is manifest in adulthood as the scrotal raphe
(Clemente, 1985). In the chicken, bilateral palatal shelves form, grow
towards the midline and make contact, but fail to fuse resulting in a
persistent cleft palate (Shah and Crawford, 1980). Implicit in the wide
range of congenital malformations (cleft lip, cleft palate and hypospa-
dias) is the failure of fusion events (midline or lateral). Thus, raphes,
grooves, and clefts seen in adulthood are manifestations of develop-
mental fusion events during development. When fusion is incomplete
clefts result. Such clefts may be normal (pudendal cleft) or abnormal
(cleft lip). Accordingly, the ventral clefts in the adult MUMP ridge and
internal prepuce are interpreted as normal incomplete developmental
fusion events. The presence of enduring clefts between the MUMP and
the MUMP ridge as well as several clefts within the MUMP ridge
suggest that the mouse urethral meatus formed via multiple fusions of
sub-elements to create the bilateral halves of the MUMP ridge and
subsequent fusion of the MUMP with the MUMP ridge. Finally, the
profoundly distorted pattern of processes and abnormal clefts seen in
the urethral meatus of perinatally DES-treated mice (Mahawong et al.,
2014a, 2014b; Blaschko et al., 2013; Cunha et al., 2015) are consistent
with the perturbation of fusion events in the development of the
urethral meatus of mice.
There is no doubt that urethral plate plays a central role in
development of the penile urethra in both mice and humans (Cunha
et al., 2015; Armfield et al., 2016). When initially formed at E12 in
mice, the urethral plate extends to the distal portion of the genital
tubercle (Hynes and Fraher, 2004a). However, at E13 the urethral
plate terminates proximal to the distal tip of the GT (Hynes and Fraher,
2004c). Serial histologic sections as well as OPT sections of E14 to E18
Fig. 17. Scanning electron micrograph of the adult mouse penis (ventral view). Note the
MUMP extending distal to the meatus and the ventral clefts in the MUMP ridge and
internal prepuce. From Blaschko et al. (2015) with permission.
Fig. 18. Scanning electron micrographs of an adult mouse penis, distal end-on views. The urethral meatus is Y-shaped with the ventral cleft in the MUMP ridge being the ventral stem of
the “Y”. The MUMP, which is projecting towards the viewer, is dorsally situated and is separated from the MUMP ridge by bilateral grooves. The MUMP ridge is demarcated peripherally
by the circumferential MUMP ridge groove (small black arrows in [A]). The MUMP Ridge is almost completely bisected by a ventral cleft. The MUMP Ridge has several minor clefts
(White arrows in [B]). (C &D) 60-day-old mice treated with DES (200 ng/g of body weight) from birth to day 10. Striking disturbances in the “end-on” morphology are evident that
include shortening of the MUMP, abnormal morphology of the MUMP, profound disturbance in the patterning of clefts and processes within the MUMP ridge that include absence of the
ventral cleft and the presence of a frenulum-like ventral tether attached to the inner surface of the external prepuce. Thus, the neonatally DES-treated mouse has a grossly abnormal
urethral meatus. Scale bars = 200 µm for (A), 100 µm for (B). Modified from Blaschko et al. (2013) and Cunha et al. (2015) with permission.
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mouse GTs verify that the urethral plate does not extend to the distal
tip of the GT, which calls into question idea that the urethral plate
forms the entire penile urethra as suggested (Seifert et al., 2008).
The interface in humans between the disparate mechanisms of
penile urethral development (direct urethral plate canalization and
urethral fold fusion) occurs at the junction of the glans and the shaft,
which is the zone of the highest incidence (50%) of (mild) hypospadias
(Carmichael et al., 2005; Baskin, 2017). A mouse anatomical and
teratologic counterpart to this human condition has not been reported.
Indeed in mice most malformations of the penile urethra are seen
exclusively in distal structures that we propose develop via epithelial
fusion events (Mahawong et al., 2014a, 2014b; Sinclair et al., 2016b,
2016a; Blaschko et al., 2013; Kim et al., 2004). Genetic manipulations
that elicit cloacal anomalies are secondarily associated with severe
penile malformations including penile agenesis (Dravis et al., 2004;
Yucel et al., 2004). Clearly the mouse is far from perfect as a model for
human hypospadias. Urethral development in mice and humans both
involve fusion events, but these occur in diametrically different regions,
and thus mouse “hypospadias” is an entity substantially different from
human hypospadias (Cunha et al., 2015).
Fig. 19. Scanning electron micrograph (G) and transverse sections of a 9-week human fetal penis stained with hematoxylin and eosin demonstrating (A) the solid urethral plate, (B) the
beginning of canalization of the urethral plate, (C) the urethral plate has canalized to from an open urethral groove in the distal penile shaft, (D) mid-shaft showing a widely open
urethral groove, (E) beginning of the process of fusion of the urethral folds, and (F) fully formed urethra at the levels indicated in (G). White arrowhead in (G) indicates the transition
from penile shaft to glans. Modified from (Shen et al., 2016) with permission.
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